





















The aerosol – cloud interactions, remain as one of the most uncertain aspects in our 
understanding of the climate system. It is in large part due to the lack of understanding 
in the characteristics (chemical composition, mixing state, and morphology) of ice 
nucleating aerosol particles in the actual atmosphere. In this thesis, we aimed to 
investigate the characteristics of the atmospheric aerosols that form ice crystals through 
heterogeneous nucleation. In order to identify the ice nucleus from atmospheric aerosol 
particles consisting with various compositions, we selected a method that the individual 
particles are frozen under observation (individual droplets freezing method: IDFM), 
from among my developed three methods. Secondly, we showed the effectiveness of a 
new individual particle analysis method that combines three methods by using the 
collected Asian dust samples. This new method complements the disadvantages of 
traditional individual particle analysis methods. By using IDFM and a new individual 
particle analysis method, the ice nuclei in the atmospheric particles collected during the 
Asian dust periods were characterized those physical and chemical properties. those 
results found that dramatic changes in the particle mixing states during long-range 
transport had a complex effect on the ice nucleation activity of the host aerosol particles. 
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Ice nucleation in cloud substantially affects the climate by having a significant 
impact on the radiation balance and precipitation process in the Earth’s atmosphere 
(Lohmann and Feichter, 2005). The supercooled water droplets in the actual atmosphere 
generally form ice crystals at higher temperatures by the aid aerosol particles that have 
the ability to nucleate ice than pure water (Pruppacher and Klett, 1997). The physical 
and chemical properties of aerosols, which act as the ice nuclei, play an essential role in 
the formation of ice crystals. However, a considerable uncertainty still exists as to the 
response of ice nuclei processes to the changes in the hosting aerosol properties, due to 
the lack of fundamental understanding of the interaction of aerosol particles with the ice 
crystal formation. Many previous ice nucleation experiments were performed under 
laboratory conditions and provided valuable knowledge on ice nucleation properties of 
pure component particles and artificially generated aerosol mixtures (Hoose and Möhler, 
2012, Murray et al., 2012). However, the situation is even more complex in the ambient 
atmosphere, where particles are often present as a complex mixture of different 
compounds. Therefore, the necessity remained to conduct experiments that reflect the 
particle mixing state in the actual atmosphere. In particular, though internal mixing, the 
reaction processes, coating and aging states at the surface of the particles can 
dramatically change from their original properties (Trochikin et al., 2003). It is often 
case that internal mixing states can vary from particle to particle, therefore, detailed 
physical and chemical analysis based on individual particles levels are necessary for 
establishing complete understanding of the ice nucleation by ambient aerosol particles. 
This study is designed to investigate how morphology, chemical composition, and 
mixing state of ambient aerosol particles influence their ice nucleating (IN) actives 
under conditions relevant for the mixed phase clouds. 
Firstly, we developed three ice nucleation experiment methods (the sensitive 
droplet freezing method, Droplet ice-accretion system: DIAS, and Individual droplet 
freezing method: IDFM) to identify and extract ice nuclei in the atmospheric aerosols. 
The improvement of the droplet freezing method which measure with a higher 
 2 
sensitivity and a wider temperature range was achieved by freezing 1 μl droplets on 
silicon wafers coated with Vaseline, however this method was not able to potentially 
identify ice nuclei in the suspension. Although the developed DIAS could isolate ice 
crystals, additionally, its separation accuracy did not sufficiently satisfied the 
requirements necessary to deal with the concentration of ice crystals found in the mixed 
phase cloud. In order to identify the ice nucleus from atmospheric aerosol particles 
consisting with various compositions, therefore, we developed a method to identify ice 
nuclei by exposing collected particles to cloud forming conditions while observing. This 
method (IDFM) is an experimental method which ice crystal formation on each 
particles under controlled condition (corresponds to the mixed phase cloud formation) 
can be monitored while maintaining individual particles distinguishable. By drying and 
evaporating the particles that formed ice crystals and/or droplets, further, one was able 
to keep track on their exact location as ice and/or droplet residues (Fig.1). 
Heterogeneous ice nucleation observed in standard mineral samples (K-feldspar, 
Na-feldspar, quartz, kaolinite, Arizona Test Dust: ATD, Asian Dust Source particle: 
ADS) tested by using the DIAS consistently occurred at higher temperatures than the 
homogeneous freezing temperature (approximately -37.5 ˚C). In the both results of 
freezing onset temperatures and ice nucleation active site (INAS) densities for the tested 
mineral dust samples, the ice nucleation activity of K-feldspar was the highest and that 
of kaolinite was the lowest. The order and the range of observed onset temperatures for 
these minerals were consistent with the results found in the literature (Atkinson et al., 
2013). The fact that those observed ice nucleation activities were similar to those 
reported in previous studies clearly demonstrated the validity of the IDFM for 
representing immersion and condensation mode ice nucleation. 
The previous individual particle analysis using the combination of electron 
microscopy and Energy-Dispersive X-ray (EDX) detector has some limitations. In 
chapter 3, the morphological, the elemental and the molecular imaging of the same 
individual aerosol particle were demonstrated the practical applicability by the 
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combined use of Atomic Force Microscopy (AFM), micro Raman spectroscopy and 
Scanning Electron Microscopy (SEM) coupled with EDX. In addition, we investigated 
the morphology and chemical composition of dust particles collected over Japan as a 
case study of this new method. Most of the collected particles were found to contain 
organic matter already at the emission source. In particular, the coated particles were 
suggested the spherical Ca-rich particles because of detection of nitrate peaks by 
micro-Raman spectroscopy and the Ca peaks by EDX. As the results of this study 
shown, the individual particle analysis of the physical and chemical characterization by 
this method minimized damage to the particles and the pretreatment. Moreover, this 
method was enable to distinguish between the difference of cationic species of sulfate, 
in addition the detection of the carbonate, nitrate, and also organic matter, which are not 
suitable at the elemental analysis by EDX. 
In chapter 4, using the IDFM and the new combined individual particle analysis 
method, ice nucleus in the atmospheric particles were characterized the chemical and 
physical properties of, which is the final goal of this thesis. Actual aerosol particles 
were collected from the west coast of Japan (Kanazawa City) during Asian dust events 
in February and April 2016. Individual IN particles were identified from the 
atmospheric particles by gradually cooling the temperature to -30 °C by the IDFM. As 
results of characterization of individual IN particles and non-active particles, most of 
the IN particles formed ice below -28 °C, but slower than the standard mineral dust 
samples of pure components as shown in chapter 2. 
The morphological images and the maximum height (h) based on the cross 
sectional shape by AFM observation suggested that the IN active particles were 
predominantly irregular particles. Chemical species contained in the 42 IN active 
particles and 131 non-active particles were identified by the Raman spectra (Fig. 2). The 
significantly larger fraction (76%) of the IN active particles showed fluorescence in the 
Raman spectra. In addition to the fraction of fluorescent particles, BBC such as humic 
like substances or black carbon, CaSO4, and quartz were detected in the IN active 
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particles with obviously higher frequencies than the non-active particles. The elemental 
compositions of the particles analyzed by using SEM-EDX indicated to be clearly 
different relative abundance of particle groups between the IN active and non-active 
particles (Fig. 3).  
The mineral dust particle groups accounted for 55% of the IN active particles were 
the most dominant types by SEM-EDX analysis. The fluorescent particles identified by 
micro-Raman can be associated with mineral dust, especially those enriched in clay 
minerals (Gaft et al., 2005, Sovanska et al., 2014). Therefore, both the SEM-EDX and 
micro-Raman analyses suggested that mineral dust particles act as efficient ice nuclei 
under conditions relevant for the mixed phase cloud formation in the atmosphere. 
Further, both of the classification of the particle group identified as mineral dust by the 
ratio of the detected elements, and the comparison of frozen temperature with standard 
mineral sample suggested that IN mineral dust particles as efficient as pure component 
K-feldspar or quartz are extremely rare in the actual atmosphere. On the other hand, it 
was demonstrated that most of the IN particles above -30 ˚C at atmosphere were 
mineral dust particles composed mainly of clay, with or without minor mixing of other 
mineral components. Therefore, our result suggests that the freezing temperatures of 
individual IN in the actual atmosphere do not show large variation and fall in the 
relatively narrow range that can be represented by IN activity of clay minerals 
(Kaufmann et al., 2016). 
On the other hand, the majority (60%) of the non-active particles by EDX analysis 
were dominated by aged sea salt particles that were internally mixed with nitrates (in 
particular MgNO3), sulfates or organics. Further, internal mixing with those sea salt 
particles was suggested to potentially act as an important inhibiting factor for the IN 
within the mixed phase clouds. In the Ca-rich and sulfate groups, their pure component 
groups were relatively larger as compared to their internal mixtures (+ inclusion) for the 
non-active particles. 
In terms of Ca-rich and sulfate particles classified by SEM-EDX, our results of 
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EDX and micro Raman analysis show evidence that the (NH4)2SO4 or intact calcite 
particles in actual atmosphere were suggested difficult to form ice under mixed phase 
cloud formation. Meanwhile, CaSO4 or the particles internally mixing with clay mineral 
also in the Ca-rich and the sulfates particles may have higher chance of nucleating ice 
under mixed phase cloud formation than the (NH4)2SO4 or intact calcite particles. These 
results suggest that, in addition to the original composition and related IN activities, the 
aging process during transportation in the atmosphere must also be taken into account 
for precisely predicting the IN activity of ambient aerosols. 
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Figure 1: Optical images of sample particles deposited on Si wafer substrate before the 
freezing experiment (a, b), after exposure to water super saturation conditions at -9 ˚C 
(c), after cooling to -30 ˚C (d), and after sublimation and evaporation by dry air (e). The 
inset graph shows the stage temperature and the dew point of the wet air introduced into 








































Figure 2: Summary of the detection frequencies of the assigned components in 
non-active and IN active particles by micro-Raman analysis. Data from Asian dust 
source (ADS) particles are shown for comparison.  
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Figure 3: Relative abundance of the particle groups identified by SEM-EDX for 
non-active and IN active particles. April and February samples are combined. 
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